INTRODUCTION {#SEC1}
============

Chromatin dynamics play an essential role in regulating cell differentiation and tissue development. Dynamic interplay among chromosome architecture proteins, histone modifiers, nucleosome remodelers and transcription factors in chromatin establishes and maintains proper epigenetic landscape and ensures the integrity and accuracy of tissue specific transcription profiles. Histone H1 is the most abundant family of chromatin binding proteins; in almost all vertebrate nuclei most of the nucleosomes contain one molecule of H1. The binding of H1 to nucleosomes, which is dynamic and independent DNA sequence specificity, affects chromatin organization and gene expression ([@B1]--[@B4]). Similarly, HMGN is a family of chromatin binding proteins that is ubiquitously expressed in all vertebrate cells and binds dynamically to nucleosome core particles, the building block of the chromatin fiber, without any specificity for the underlying DNA sequence ([@B5],[@B6]). Genome wide studies revealed that HMGNs play a role in the establishment and maintenance of DNase I hypersensitive sites, the hallmark of regulatory sites in chromatin, and also can affect the level of posttranslational modifications in histone tails ([@B7]--[@B10]). Imaging analyses of living cells and *in vitro* studies, showed that HMGN variants compete with linker H1 for chromatin binding sites and function within a dynamic network of interdependent chromatin interactions in which the binding of one variant affects the binding of other members of the protein network ([@B11]--[@B13]).

Appropriate myelination of the central nervous system (CNS) is essential for correct neural development and function ([@B14],[@B15]). Myelination is critically dependent on the differentiation of the oligodendrocyte cell lineage that originates from neural precursor cells which are derived from embryonic ectoderm ([@B16]). Oligodendrocyte lineage differentiation is regulated by several transcription factors including OLIG1 and OLIG2, which play an essential role in both embryonic and adult oligodendrocyte development and CNS myelination ([@B17],[@B18]). While the central role of OLIG1&2 in oligodendrocyte differentiation is well established ([@B19]--[@B21]), the processes regulating the expression of these two transcription factors are not fully known. Here we demonstrate that interplay between H1 and HMGN proteins affects OLIG1&2 expression and oligodendrocyte differentiation.

Pluripotent ESCs can be induced to form embryoid bodies (EBs), which are three-dimensional aggregates of differentiating ESCs undergoing cell specification along all the three germ layers: ectoderm, endoderm, and mesoderm ([@B22]). EBs provide a starting point to generate lineage-specific progenitor cells, including ectoderm derived neural progenitors (NPs), which can be induced to further differentiate into OLIG1&2 positive oligodendrocyte precursor cells (OPCs) ([@B23],[@B24]). Such developmental changes, from ESCs to lineage specific cells, are known to involve significant changes in chromatin organization and transcription ([@B25],[@B26]). Thus, during differentiation, the highly de-compacted and dynamic chromatin structure of pluripotent ESCs ([@B27],[@B28]) is remodeled into more compact states that express lineage specific transcription profiles ([@B29]). In view of these global changes in genome organization, it is possible that nucleosome-binding proteins known to affect chromatin organization and function, such as histone H1 variants and members of the high mobility group N (HMGN), ([@B1],[@B3],[@B5],[@B30]) could affect differentiation processes.

In this study, we prepared ESCs from *Hmgn1/Hmgn2* double knock-out (DKO) mice, lacking the two major HMGN variants, HMGN1 and HMGN2, which bind redundantly to chromatin ([@B9]). We differentiated ESCs obtained from DKO and wild type (WT) mice into EBs and tested for differences in the transcription profile between the two genotypes, throughout eight days of EB differentiation. We found that loss of HMGN1 and HMGN2 altered the expression of genes involved in neural lineage differentiation and significantly reduced the expression level of OLIG1 and OLIG2, at every time point during EB differentiation. We focused on these two genes and discovered that their decreased expression in ESCs lacking HMGNs is due to increased chromatin binding of histone H1, which leads to epigenetic changes around the *Olig1* and *Olig2* locus that leads to a decreased expression of these two genes. As a consequence, the oligodendrocyte development is affected both *in vitro* and *in vivo*. The differentiation of NPs into OPCs is impaired, and HMGNs DKO mice show decreased oligodendrocytes and a reduction in myelin sheath components in their spinal cords, and display neurological phenotypes indicative of defects in myelin sheath.

MATERIALS AND METHODS {#SEC2}
=====================

Mice, ES cell culture and *in vitro* differentiation {#SEC2-1}
----------------------------------------------------

Mice were generated and maintained according to approved NIH protocols as previously described ([@B9]). Neurological phenotype screening of 15 male and 15 female DKO mice and their age and genetically matched WT controls, a total of 30 mutant and 30 control mice for each mouse line, were performed at the German Mouse Clinic using a standard battery of tests ([@B31]--[@B34]). The detailed phenotypic analysis of the mice is described in [Supplemental Materials and Methods](#sup1){ref-type="supplementary-material"} and at the German Mouse Clinic website ([www.mouseclinic.de](http://www.mouseclinic.de)).

*Hmgn1^+/+^N2^+/+^*(WT) and *Hmgn1^−/−^ n2^−/−^* (DKO) ES cell lines were derived from 3.5 days blastocysts from WT and DKO mice we previously generated ([@B9]). Three independent ESC clones (biological replicates) for each genotype were used for analysis. The ES cells were co-cultured with mitomycin-c treated mouse primary embryonic fibroblast (MEFs) feeders (Millipore) or cultured under feeder-free conditions. They were maintained in Knock-out Dulbecco\'s modified Eagle\'s medium (KO-DMEM, Invitrogen), with 20% serum replacement (SR, Invitrogen), 0.055 mM β-mercaptoethanol (Sigma), 2 mM [l]{.smallcaps}-glutamine (Invitrogen), 0.1 mM MEM non-essential amino acid (Invitrogen), 5000 U/ml penicillin/streptomycin (Invitrogen), 1000 U/ml LIF (Millipore) and MEK/GSK3 inhibitors (2i) (Millipore). *In vitro* differentiation of ES cells along oligodendrocyte lineage was performed using the Mouse Oligodendrocyte Differentiation Kit (R&D System) according to the manufacturer\'s instruction. Briefly, ESCs were differentiated into EBs in hanging drops, 4-day EBs were attached to Fibronectin coated dishes, and differentiated into NPs using insulin/transferrin/selenium/fibronectin (ITSF) supplemented medium ([@B35]). The selected NPs were differentiated into OPCs by growing in N-2 medium supplemented with a combination of growth factors including hFGF, hEGF and hPDGF-AA ([@B24]).

ESCs transfection {#SEC2-2}
-----------------

For siRNA knock-down, 25 nM ON-TARGET SMARTpool siRNA specifically targeting mouse *Hmgn1* or *Hmgn2* (GE Dharmacon) were transfected into ESCs using Lipofectamine RNAiMAX reagent (Invitrogen). Cells were split and transfected again after first 48 h, and harvested after another 48 h. For HMGN1/2 rescue experiments, 1 μg pCI plasmid vectors (Promega) carrying the expression cassette of human HMGN1 or HMGN2 or HMGN1SE mutant were transiently transfected into DKO ESCs using Mouse ES Cell Nucleofector Kit (Lonza) according to the manufacturer\'s instruction. Cells were harvested after 48 h for western blot and ChIP assay.

Antibodies {#SEC2-3}
----------

Rabbit affinity pure polyclonal anti-mouse HMGN1, anti-human HMGN1, anti-human HMGN2 and anti-calf histone H1 antibodies were generated in our laboratory ([@B36]). Anti-OLIG1, anti-OLIG2 and anti-Nestin antibodies were purchased from Millipore. Anti-H3K27me3, anti-EZH2, anti-H3, anti-PGDFR-α, anti-CNPase, anti-PLP, anti-MBP and anti-β-actin antibodies were purchased from Abcam. HRP-conjugated secondary antibodies for western blots were purchased from Pierce. Fluorescence secondary antibodies for immunostaining were purchased from Invitrogen.

Western blot {#SEC2-4}
------------

Whole cell or tissue lysates were prepared in 1× SDS PAGE sample buffer (Bio-Rad) supplemented with protease inhibitors (Roche Applied Science). The samples were fractionated on 4--20% pre-cast Criterion gels, transferred by semi-dry method to PVDF membrane, blocked with non-fat milk in TBST and probed with indicated antibodies. Chemiluminiscent detection using ECL Plus has been performed according to Amersham\'s recommendations. The quantitation has been performed using ChemiDoc MP System (BioRad Laboratories).

Immunostaining {#SEC2-5}
--------------

For immunofluorescence staining, cells were cultured on four-well Millicell EZ slides (Millipore), and 10 μm frozen spinal cord cross sections at upper limb level were prepared from 8-weeks old WT and DKO mice. Immunofluorescence staining was performed using indicated antibodies as previously described ([@B8]). The images were taken using Zeiss LSM 710 confocal system and were processed using Zeiss software.

RNA-seq {#SEC2-6}
-------

Total RNA from ESCs or embryoid bodies was isolated by RNeasy Mini Kit (Qiagen) followed by 'on-column' DNase I treatment. mRNA-seq libraries were prepared from 1 μg of total RNA using the Illumina TruSeq RNA Sample Preparation Kit, following the manufacturer\'s instructions. Libraries were sequenced on the Illumina HiSeq 2000 with 2 × 100 bp paired-end reads. The data analysis was performed using the RNA-seq pipeline in Partek Genome Suite. A gene was considered expressed if reads per kilobase of transcript model per million mapped reads (RPKM) was ≥1.0. \|Fold Change\| ≥ 1.5 with *P*-value \<0.05 was considered significantly differentially expressed between WT and DKO. Gene ontology analysis was performed using DAVID online software (<https://david.ncifcrf.gov/>). Genomatix Pathway System (GePS, Genomatix GmbH) was used to generate a simple network using the following criteria: organism---*Mus musculus*; annotation type---biological processes; subcategory---nervous system development.

ChIP-seq and ChIP-qPCR {#SEC2-7}
----------------------

ESCs were crosslinked directly in culture medium with 1% formaldehyde solution for 10 min at room temperature. Chromatin was fragmented to 200--300 bp by 10 cycles of sonication (30 s on/30 s off) (Bioruptor). Chromatin from 2 × 10^7^ cells and 10 μg antibodies against HMGN1, HMGN2, H3K27me3 or EZH2 were used for each ChIP experiment. For ChIP-seq, libraries were prepared using Illumina TruSeq ChIP Sample Prep Kit with compatible indexed adaptors according to manufacturer\'s instruction. Equal amounts of 4--6 indexed library samples were pooled for cluster generation and sequenced on Illumina HiSeq2000 system with 2 × 100 bp paired-end reads. Data analysis was performed as previously described ([@B9]). For ChIP-qPCR, DNA purified from ChIP assays were applied for quantitative PCR reactions with Power SYBR Green Mix (Applied Biosystems) using the AB 7900HT Fast Real Time PCR system, and data were normalized to input DNA.

*In vitro* HMT assay {#SEC2-8}
--------------------

Recombinant HMGN were obtained as in ([@B37]), recombinant calf H3 was purchased from Boeringer Mannheim (Cat \#84936921), and polynucleosome fraction devoid of H1/H5 was purified from chicken erythrocytes as described ([@B38]). The free histone or polynucleosome preparations were used as substrates for methylation by EZH2 complex. EZH2 (EZH2/EED/SUZ12/RbAp48/AEBP2) complex, FLAG-tag, His-tag was purchased from BPS Bioscience (Cat\# 51004). Methylation assay has been carried out as in ([@B39]) with modifications. Briefly, methylation reaction was performed in a 20-μl volume containing either 1 μg H3 or 10 μg polynucleosomes, various amounts of H1 and HMGN, 20 mM phosphate buffer pH 7.4, 0.05% Tween-20, 20 μM *S*-adenosylmethionine as a methyl donor, and 200 ng EZH2 complex. Reaction mixture was incubated for 1 h at 30°C and terminated by the addition of SDS-PAGE sample buffer. H3K27me3 modification levels were evaluated by western blot.

Statistical analysis {#SEC2-9}
--------------------

Statistical analyses were performed using two-tailed equal variance Student\'s *t*-test in GraphPad Prism software and *P* \< 0.05 was considered as statistically significant. Data are presented as mean ± SEM.

Data access {#SEC2-10}
-----------

The next-generation sequencing data from this study have been submitted to the NCBI Sequence Read Archive (SRA; <http://www.ncbi.nlm.nih.gov/sra>) under accession number SRP068453.

RESULTS {#SEC3}
=======

Loss of HMGNs reduces the expression of neural lineage differentiation genes {#SEC3-1}
----------------------------------------------------------------------------

HMGN1 and HMGN2, the major variants of the HMGN protein family ([@B40]), compete for nucleosome binding sites and have similar effects on chromatin structure ([@B9],[@B12]). HMGN1 was shown to be highly expressed throughout all mouse preimplantation stages ([@B8]). We now find that likewise, the HMGN2 variant is also highly expressed during early mouse development and can be detected at all preimplantation stages examined, from oocytes to blastocysts (Figure [1A](#F1){ref-type="fig"}). In view of this finding and given the functional redundancy between HMGN1 and HMGN2 ([@B9]), we established ESCs from wild type (WT) and *Hmgn1^−/−^/n2^−/−^*, DKO mice, and tested whether the combined loss of both HMGN1 and HMGN2 affects the differentiation potential of the ESCs.

![Loss of HMGNs down regulates the expression of genes involved in neural lineage differentiation. (**A**) HMGN2 protein expression during mouse embryonic preimplantation. Shown are immunofluorescence images at the stages indicated above each panel. (**B**) Morphology of WT and DKO ESCs colonies and differentiating embryoid bodies (EBs). (**C**) The number of significantly (fold change ≥ 1.5, *P* \< 0.05) up (green) or down (red) regulated genes between WT and DKO ESCs and EBs at indicated stages. RNA-seq data were obtained from three independent ESC clones (biological replicates). (**D**) Gene ontology (GO) categories enriched for up (green) or down (red) regulated genes during ESCs differentiation. Number of changed genes in each category is shown in brackets.](gkw1222fig1){#F1}

The WT and DKO ESCs colonies showed clear borders, were indistinguishable in their morphological appearance (Figure [1B](#F1){ref-type="fig"}), and expressed similar levels of the pluripotent marker genes such as *Nanog, Pou5f1 (Oct3/4), Klf4, Sox2* and *Esrrb* ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}, and [deposited data](#sup1){ref-type="supplementary-material"}), suggesting that loss of HMGNs did not significantly affect their pluripotency. Indeed, upon removal of LIF/2i and cultured in suspension, the WT and DKO ESCs formed morphologically indistinguishable EBs (Figure [1B](#F1){ref-type="fig"}). RNA-seq analysis of the differentiating ESCs, at two day intervals up to 8 days, showed that induction of differentiation leads to a rapid decrease in the levels of pluripotency marker genes and up regulation of the genes that mark the three germ layers ([@B41]), such as *Nestin, Pax6 and Sox3* for ectoderm, *T, Wt1 and Mixl1* for mesoderm, and *Sox17, Foxa2* and *Lama1* for endoderm ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}, and [deposited data](#sup1){ref-type="supplementary-material"}), indicating that loss of HMGNs does not affect the ability of the ESCs to differentiate into the major germ layers.

However, complete analyses of the transcriptomes, using three biological replicates for each differentiation point ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) revealed differences in gene expression between WT and DKO cells. Depending on the differentiation stage, 150--600 genes showed significantly altered expression levels between WT and DKO lines, with a total of 708 genes up regulated and 733 genes down regulated (Figure [1C](#F1){ref-type="fig"}). Notably, GO analysis of the 708 up-regulated genes did not show significant enrichment in any specific GO category, but the 733 down-regulated genes showed highly significant enrichment in several categories, with the top three (Benjamini adjusted *P*-value \< 1 ×10^−10^) classified as neural lineage related categories, including 'neuron differentiation', 'transmission of nerve impulse' and 'neuron development' (Figure [1D](#F1){ref-type="fig"}). Thus, loss of HMGN1 and HMGN2 may alter the potential of ESCs to differentiate towards the neural lineage.

HMGNs are positive regulators of OLIG1 and OLIG2 expression {#SEC3-2}
-----------------------------------------------------------

To gain insights into the functional relationship among the 54 down-regulated genes in the 'neuron differentiation pathway', which is the most significantly pathways down regulated due to loss of HMGNs (Figure [1D](#F1){ref-type="fig"}), we generated a simple network using Genomatix Pathway System (GePS). The gene regulatory network generated by this analysis suggests that the transcription factor OLIG2 is a central node in this pathway (Figure [2A](#F2){ref-type="fig"}). Furthermore, our RNA-seq data shows that the transcription of both *Olig1* and *Olig2*, two transcription factors essential for oligodendrocyte lineage development and commitment ([@B14],[@B19]), are significantly down-regulated in DKO, throughout the entire differentiation process, from ESCs to EBs (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). Indeed, western blots verify that the protein levels of these two transcription factors are also significantly down-regulated in DKO ESCs (Figure [2D](#F2){ref-type="fig"}). Furthermore, siRNA mediated down-regulation of either HMGN1, or both HMGN1 and HMGN2, in WT ESCs verifies that the down regulation of *Olig1&2* expression is indeed due to loss of HMGN expression (Figure [2E](#F2){ref-type="fig"}). In addition, rescue experiments in DKO cells show that re-expression of only HMGN1, or only HMGN2, or both these HMGNs in DKO cells restores OLIG1 and OLIG2 expression to levels comparable to those seen in WT cells (Figure [2F](#F2){ref-type="fig"}). Significantly, re-expression of the mutant protein HMGN1-S20,24E (HMGN1-SE) that cannot bind to nucleosomes ([@B42],[@B43]), fails to rescue OLIG1&2 expression, evidence that HMGNs regulates OLIG1&2 expression by binding to chromatin (Figure [2F](#F2){ref-type="fig"}). Thus, the RNA-seq and western analyses, together with the siRNA mediated down-regulation and with the rescue experiments, indicate that the binding of HMGNs to chromatin facilitates the expression of OLIG1 and OLIG2, two transcription factors known to regulate oligodendrocyte differentiation.

![HMGNs regulate the expression of OLIG1 and OLIG2 in ESCs. (**A**) Regulatory network of genes down-regulated during DKO ESC differentiation and attributed to 'Neuron Differentiation' GO category. (**B** and **C**) RNA-seq analysis of *Olig1*&*2* expression during ESCs differentiation. Data were obtained from three independent ESC clones (biological replicates) and presented as mean ± SEM (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001). (**D**) Westerns showing OLIG1&2 protein expression in WT and DKO ESCs. (**E**) Westerns showing siRNA mediated depletion of HMGNs down regulated OLIG&2 expression. (**F**) Rescue of OLIG1&2 expression by re-introducing either wild type (green) or mutant (red) HMGN in DKO ESCs. Shown are representative blots from at least two independent experiments.](gkw1222fig2){#F2}

HMGNs modulate EZH2 binding and H3K27me3 levels around *Olig1&2* genes {#SEC3-3}
----------------------------------------------------------------------

Toward understanding the molecular mechanisms whereby loss of HMGNs down-regulates OLIG1&2 expression, we mapped the genome wide distribution of HMGN1 and HMGN2, as well as several epigenetic marks known to affect gene expression. We found that the occupancy of both HMGN1 and HMGN2 is enriched in the genomic area containing *Olig1&2* (Figure [3A](#F3){ref-type="fig"}). Importantly, in DKO cells, the levels of H3K27me3, an epigenetic mark known to be associated with gene silencing ([@B44]) are significantly increased at *Olig1&2* (Figure [3A](#F3){ref-type="fig"}, [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Consistent with this observation, we find that the occupancy of the histone methyltransferase EZH2, the catalytic subunit of Polycomb Repressive Complex 2 (PRC2) which is responsible for H3K27 methylation, is also significantly increased around *Olig1&2* genes in DKO ESCs (Figure [3A](#F3){ref-type="fig"}). Thus, at *Olig1&2*, loss of HMGN leads to increase EZH2 occupancy and elevation in H3K27me3.

![HMGNs modulate EZH2 binding and H3K27me3 levels around *Olig1&2* genes. (**A**) Genome browser snapshot visualizes decreased mRNA and increased H3K27me3 and EZH2 levels at genic regions encompassing *Olig1*&*2* in DKO ESCs. Numbers in parenthesis indicate the scales of the y-axis, in RPM. Input lanes show number of reads in the absence of antibody. (**B--E**) ChIP-qPCR analysis of H3K27me3 and EZH2 at the specific loci indicated by arrows in (A). Legend shows cell type. Combined values are shown in C and E. Data were obtained from two independent ESC clones (biological replicates) and presented as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001. IgG controls shown in [supplemental Figure 3B](#sup1){ref-type="supplementary-material"}. Primers used are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. (**F**) Westerns showing OLIG1&2 expression in DKO ESCs treated with two concentrations of EZH2 specific inhibitor GSK126. (**G--H**) Quantifications of panel F, normalized to β-actin.](gkw1222fig3){#F3}

To verify these findings, we performed ChIP-qPCR on six selected regions at and around *Olig1&2* genes (marked 1--6 in Figure [3A](#F3){ref-type="fig"}) in both WT and DKO cells and also in DKO cells transfected with either wild-type or mutant HMGNs. These analyses verified that indeed, in DKO cells the levels of both H3K27me3 levels and EZH2 occupancy are significantly increased in the genomic regions containing *Olig1&2* (Figure [3B](#F3){ref-type="fig"}--[E](#F3){ref-type="fig"}, compare the blue and red bars). Furthermore, fully consistent with the results of the rescue experiments shown in Figure [2E](#F2){ref-type="fig"}, we find that re-expression of wild-type HMGN1, but not of the mutant HMGN1S20, 24E in DKO ESCs, significantly decreased the binding of EZH2 (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}, compare the red, green and yellow bars) and lowered the level of H3K27me3 (Figure [3B](#F3){ref-type="fig"}, [C](#F3){ref-type="fig"} compare the red, green and yellow bars). Thus, HMGNs regulate OLIG1/2 expression by modulating the binding of EZH2 to chromatin and the levels of H3K27me3 in nucleosomes. These epigenetic effects are contingent on the ability of HMGN to bind to nucleosomes, since a mutant HMGN that cannot bind to nucleosomes does not affect the binding of EZH2 to chromatin. In addition, treatment of DKO ESCs with GSK126, a known inhibitor of the methyltransferase activity of EZH2 ([@B45]) significantly decreases the H3K27me3 levels (Figure [3B](#F3){ref-type="fig"}, [C](#F3){ref-type="fig"}, compare the red and purple bars) and increased the expression of OLIG1&2 (Figure [3F](#F3){ref-type="fig"}--[H](#F3){ref-type="fig"}), without affecting the binding of EZH2 (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}, compare the red and purple bars). Thus, the direct cause of the down regulation in *Olig1&2* expression levels is the increased levels of H3K27me3, rather than just the binding of EZH2 to chromatin.

HMGNs modulate EZH2-mediated H3K27me3 levels via interplay with linker histone H1 {#SEC3-4}
---------------------------------------------------------------------------------

Linker histone H1 was shown to enhance the EZH2 mediated methylation of histone H3 in chromatin ([@B46],[@B47]). Given that HMGN proteins compete with H1 for nucleosome binding and counteract the chromatin condensing activity of H1 ([@B1],[@B48]), we tested whether an interplay between H1 and HMGNs affects the EZH2 mediated methylation of H3K27. To this end, we first used quantitative ChIP-qPCR to compare the chromatin binding of H1 in WT and DKO ESCs at 10 different regions around the *Olig1&2* genes (see Figure [4A](#F4){ref-type="fig"}). We find that loss of HMGNs increased significantly the chromatin binding of H1, especially in the genomic regions encompassing the *Olig1&2* genes (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}). Taken together with the data shown in Figure [3B](#F3){ref-type="fig"}--[E](#F3){ref-type="fig"}, the results raise the possibility that the increased H3K27me3 at *Olig1&2* are due to increased chromatin binding of H1 in DKO cells.

![HMGN histone H1 interplay modulates EZH2-mediated H3K27me3. (**A**) Genome browser snapshot shows 10 regions (indicated by arrows) near *Olig1&2* genes analyzed for histone H1 binding. Sites 1--6 correspond to the same sites in Figure [3](#F3){ref-type="fig"}. (**B**) Relative enrichment in H1 occupancy at the indicated sites in DKO cells, normalized to occupancy in WT cells. Data were obtained from two ESC clones (biological replicates) in two independent experiments and presented as mean ± SEM. Primers used are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. (**C**) Average increase in H1 occupancy at the selected sites in DKO chromatin. (**D**) Histone methyl transfer (HMT) assays, using H1-depleted poly-nucleosomes (poly-Nucl) as substrates show H1 dose dependent increase in EZH2 mediated H3K27me3 levels (**E** and **F**) HMT assays show that HMGN1 but not HMGN1S20,24E inhibit the H1 mediated enhancement of H3K27me3 levels (**G** and **H**) Quantification of panels D--F, the levels of H3K27me3 normalized to H3. (**I**) HMT assays showing effect of H1, HMGN1 and HMGN2 on H3K27me3 levels. (**J**) Quantification of panel I. All HMT quantification data were obtained from two independent experiments and presented as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\*\**P* \< 0.0001.](gkw1222fig4){#F4}

As a direct test whether the HMGN-H1 interplay, by itself, affects the EZH2-mediated H3K27me3 levels, we prepared H1-depleted poly-nucleosomes and quantified the effect of purified H1 ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}) on the EZH2 directed H3K27 methylation, in either the presence or absence of purified HMGN1 ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}), or of the purified HMGN1-S20,24E mutant that does not bind to chromatin. We find that pre-incubation of the H1-depleted poly-nucleosomes with increasing amounts of H1 stimulates the EZH2-mediated H3K27 trimethylation in a dose dependent fashion (Figure [4D](#F4){ref-type="fig"} and [G](#F4){ref-type="fig"}). Importantly, addition of HMGN1 (Figure [4E](#F4){ref-type="fig"}), but not of HMGN1-S20, 24E mutant that does not bind to chromatin inhibits the stimulating activity of H1 (Figure [4E](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"} and [H](#F4){ref-type="fig"}), an indication that HMGN1 inhibits H3K27 methylation by binding to chromatin. As expected, the effect of HMGN2 is very similar to that of HMGN1 (Figure [4I](#F4){ref-type="fig"}--[J](#F4){ref-type="fig"}, compare lane 3 to lanes 6 & 7), and in the absence of H1, neither HMGN1 nor HMGN2 affect the EZH2 mediated H3K27me3 levels (Figure [4I](#F4){ref-type="fig"}--[J](#F4){ref-type="fig"}, compare lanes 4 & 5 to lane 2). Finally, we note that the stimulating effects of H1 and the inhibitory effects of HMGNs occur only in the context of chromatin, neither of these nucleosome-binding proteins affects the EZH2 mediated methylation of purified, non-nucleosomal H3 ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}).

In summary, ChIP analyses of ESCs indicate that loss of HMGNs increases the binding of H1 and elevates the levels of both EZH2 and H3K27me3 at *Olig1&2* genomic sites, and *in vitro* assays reveal that HMGNs counteract the ability of H1 to stimulate the EZH2 mediated H3K27me3 levels in poly-nucleosomes. We conclude that depletion of HMGNs increases the chromatin binding of H1 thereby enhancing the binding of EZH2 complex and the level of H3K27me3, a modification known to be associated with gene silencing ([@B44]). Thus, the interplay between HMGNs and H1 in chromatin leads to epigenetic changes that regulate the expression of *Olig1&2*.

Loss of HMGNs affects oligodendrocyte development both *in vitro* and *in vivo* {#SEC3-5}
-------------------------------------------------------------------------------

OLIG1 and OLIG2 are transcription factors known to play critical roles in oligodendrocyte specification and in regulating the oligodendrocyte lineage differentiation ([@B14],[@B15],[@B21]). We therefore examined whether the down regulation of *Olig1/2* expression caused by HMGNs depletion is sufficient to affect the ability of ESCs to differentiate toward the oligodendrocyte lineage. We attached the 4-day EBs to Fibronectin coated dishes, selected the outgrowing Nestin+ neural progenitor cells (NPs) using ITSF supplemented medium ([@B35]), and then used N-2 supplemented medium with a combination of growth factors including hFGF, hEGF and hPDGF-AA ([@B24]) to induce the NPs to differentiate into OPCs (Figure [5A](#F5){ref-type="fig"}).

![Loss of HMGNs affects oligodendrocyte differentiation *in vitro*. (**A**) Schematic diagram of the protocol for *in vitro* differentiation of ESCs toward embryoid body (EB), neural progenitor (NP), and oligodendrocyte precursor cells (OPCs). (**B**) Representative immunofluorescence images showing equal Nestin expression in WT and DKO NPs. (**C**) Quantification of Nestin positive cells, over 250 cells from 10 random regions were counted. (**D**) Immunofluorescence showing lower frequency of OLIG2 positive cells in DKO OPCs. (**E**) Quantification of OLIG2 positive cells, over 250 cells from 10 random regions were counted. All the data are presented as mean ± SEM (\*\*\*\**P* \< 0.0001).](gkw1222fig5){#F5}

The WT and DKO ESCs lines differentiated into NPs with similar efficiency with ∼80% of the cells showing strong Nestin signals (Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). Thus, HMGNs do not affect the ability of ESC to differentiate into NPs. However, upon differentiating the NPs into OPCs, we noted significant differences between the WT and DKO cells since 80% of WT NPs, but only 30% of DKO NPs differentiated into OLIG2-positive OPCs (Figure [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). Thus, loss of HMGNs reduces the expression of *Olig1/2* to levels that cause a significant decrease in the ability of cultured NPs to differentiate into OPCs.

In adult mice, oligodendrocytes are enriched in both the white and gray matter of the spinal cord, and produce the myelin sheath covering neuron axons ([@B15],[@B49]). By immunofluorescence analysis and quantification of OLIG2 positive cells of the spinal cords derived from 4 WT and 4 DKO, we find significant reduction in OLIG2-positive cells in both the white and gray matter of the spinal cords of adult DKO mice (Figure [6A](#F6){ref-type="fig"}--[D](#F6){ref-type="fig"}). In agreement with these results, immunofluorescence analyses with antibody to Myelin Basic Protein (MBP), the major component of the myelin sheath, reveals significant loss of MBP signal in the spinal cord of DKO mice (Figure [6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). As a further test, we used western blot analyses to quantify the relative expression levels of markers for different developmental stages of oligodendrocytes in spinal cords of WT and DKO mice ([@B50]). We find that in the spinal cord of DKO mice the levels of platelet-derived growth factor α receptor (PDGFR-α), a marker for OPCs ([@B51]) was reduced by 65%, indicating significant reduction in OPC frequency. Likewise, the levels of 2΄,3΄-cyclic-nucleotide 3΄-phosphodiesterase (CNPase), a marker for mature oligodendrocytes ([@B52]), as well as the levels of MBP and proteolipid protein (PLP), known markers for myelin sheath ([@B53]), were reduced by almost 50% in DKOs (Figure [6G](#F6){ref-type="fig"} and [H](#F6){ref-type="fig"}). Thus, loss of HMGN and the consequent down regulation of *Olig1/2* expression impairs oligodendrocyte lineage differentiation and reduces the frequency of oligodendrocytes and of the myelin sheath components in the spinal cord of mice. These changes may be a contributing factor to the neurological phenotypes seen in DKO as measured by several tests including, the open field test ([@B54]), transfer arousal test ([@B55]), rotarod test ([@B56],[@B57]) acoustic startle test ([@B58]) and the hot plate test ([@B59]) ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

![Loss of HMGNs affects oligodendrocyte development in mouse spinal cord. (**A--D**) Immunofluorescence showing decreased OLIG2 positive cells in both white matter (**A**) and gray matter (**C**) of DKO mouse spinal cords. (**B, D)** Quantifications of four WT and four DKO mice. For each mouse, \>1500 cells from six (white matter) or four (gray matter) different regions of spinal cord sections were counted. (**E**) Immunofluorescence showing decreased MBP level in DKO spinal cords. (**F**) Quantification of panel J, eight WT and eight DKO images were quantified by ImageJ. (**G**) Western blots showing the expression of oligodendrocyte markers in WT and DKO mouse spinal cords. (**H**) Quantifications of panel L, expression levels normalized to β-actin. All the data are presented as mean ± SEM (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001).](gkw1222fig6){#F6}

![Model of the effect of HMGN-H1 interplay on *Olig1&2* expressions. HMGN and H1 continuously compete for nucleosome binding sites (red and green arrows on the single nucleosome in the center). In WT cells (left) the presence of HMGNs reduced the binding of H1 thereby facilitating *Olig1&2* expressions. In DKO cells (right) loss of HMGN enhances the binding of H1 thereby recruiting the PRC2 complex including its EZH2 histone methyltransferase, thus leading to increased levels of H3K27me3 and gene silencing at the *Olig1&2* genomic loci. Reduced *Olig1&2* expressions lead to impaired oligodendrocyte development, reduced myelination in the spinal cords, and altered mouse neurological behaviors.](gkw1222fig7){#F7}

DISCUSSION {#SEC4}
==========

Our study reveals that at early developmental stages, in pluripotent embryonic stem cells, an interplay among two major families of chromatin architectural proteins establishes an epigenetic state that regulates the expression of *Olig1* and *Olig2* thereby affecting oligodendrocyte lineage differentiation and myelination (Figure [7](#F7){ref-type="fig"}). We delineate the molecular mechanism whereby the ubiquitous nucleosome binding protein HMGN1 and HMGN2 affect *Olig1* and *Olig2* expression and demonstrate that both in cell grown in tissue culture, and in genetically altered mice, loss of HMGNs leads to reduced oligodendrocyte lineage differentiation. Thus, we identify HMGNs as factors that affect oligodendrocyte differentiation and axon myelination.

Chromatin dynamics play a central role in the ability of regulatory factors to access their target sites and ultimately affect gene expression. The linker histone H1 and the HMGN protein family are major groups of chromatin architectural proteins known to modulate chromatin states in all vertebrate cells, yet their biological function and the role of these proteins in regulating gene expression remains a major unresolved question in chromatin biology ([@B4],[@B60]). Quantitative changes in the levels of H1 or HMGN variants lead to both up and down regulation in the expression of numerous genes; however, the changes were not major, most likely because of compensatory effects. Thus, neither HMGNs nor H1s proteins are specific regulators of gene expression, they seem to 'fine tune' gene expression programs ([@B11]). Likely, changes in the proteins alter the ability of specific regulators to interact with their cognate chromatin binding sites. In agreement with studies in other cells, we find that loss of HMGNs leads to both up and down regulation of numerous gene with distinct genes being affected at distinct ESCs differentiation stages (Figure [1](#F1){ref-type="fig"}).

Importantly, previous *in vivo* and *in vitro* studies revealed that members H1 and HMGN proteins compete for chromatin binding sites and that the interplay between these proteins can affect chromatin compaction ([@B48],[@B61]). However, the biological significance of this interplay and its effect on DNA related activities such as transcription is still poorly understood. Our study demonstrating that this interplay affects the levels of H3K27me3, delineates a mechanism whereby the HMGN-H1 interplay impacts an epigenetic process that affects gene expression, thereby providing a prime example of the biological significance of the H1-HMGN interplay in chromatin. We speculate that this interplay may be of particular importance at early developmental stages, when the chromatin is hyperdynamic ([@B27]), and perhaps more amenable to epigenetic remodeling. It may be relevant that differentiation processes, including oligodendrocyte differentiation, is associated with down regulation of HMGN levels ([@B8],[@B60],[@B62],[@B63]) and changes in H1 variants ([@B30]). In fact, the expression of the H1^0^ variant, which binds to chromatin with relatively high affinity ([@B64]), is a hallmark of terminal differentiation ([@B65]).

Specifically, we find that HMGN1 and HMGN2, regulate the expression of OLIG1 and OLIG2, two basic-helix-loop-helix transcription factors crucial for oligodendrocyte development. The number of OLIG2 positive cells detected in the spinal cord of the DKO mice and in the *in vitro* differentiating DKO NPs was significantly lower than that detected in wild type mice and cells. However, the immunofluorescence signal of OLIG2 in the differentiated WT and DKO cells was similar suggesting that the effect of HMGNs on OLIG expression in ESCs is more significant than the differentiated cells.

HMGNs affect *Olig1* and *Olig2* gene expression directly, by binding to chromatin since HMGN mutants that do not bind to chromatin do not affect *Olig1&2* expression. In considering the molecular mechanism whereby HMGNs regulate *Olig1* &2 expressions we note that in HMGN DKO cells *Olig1* and *Olig2* gene display an epigenetic signature characteristic of repressed genes: increased occupancy of the histone methyltransferase EZH2, and enhanced H3K27me3 levels, an epigenetic mark known to be associated with gene silencing ([@B66]). Indeed, the elevated H3K27me3 levels are directly responsible for reduced *Olig1&2* expressions, since treatment of DKO cells with the EZH2 inhibitor GSK126 significantly restored the expression of OLIG1 and OLIG2. Thus, our results suggest that loss of HMGNs upregulates H3K27me3 levels, a finding that is in agreement with a previous study of mice and cells which indicated that up regulation of HMGN1 reduces H3K27me3 levels ([@B67]). Taken together, the available data raise the possibility that HMGNs are negative regulators of H3K27me3 levels.

Considering the mechanism whereby HMGNs can affect H3K27me3 levels, we note that the linker H1 has been shown to interact with components of the PRC2 complex, including EZH2, and to enhance the levels of H3K27me3 in nucleosomes by promoting chromatin compaction ([@B46],[@B47]). In agreement, we find increased H1 occupancy at the *Olig1&2* loci of DKO ESCs. Furthermore, our *in vitro* studies indicate that H1 enhances the EZH2 mediated levels of H3K27me3 in poly-nucleosomes in a dose dependent fashion, that wild type, but not a mutant HMGN1 that cannot bind to nucleosomes, counteracts the ability of H1 to enhance H3K27me3 levels, and that all these effects are not seen with purified H3. Thus, HMGNs modulate the levels of H3K27me3 at *Olig1&2* by reducing the chromatin condensing activity of H1, a finding that is in full agreement with several *in vitro* and *in vivo* studies documenting that HMGNs reduce the chromatin binding of H1 ([@B1],[@B12],[@B48],[@B61]). The 30--50% increase in chromatin binding could have a significant effect chromatin compaction and on the binding of EZH2 and complexes containing this enzyme. These effects could be larger than those observed *in vitro* with purified components and short oligonucleosomes whose ability to form higher order structures differs from that of the 'native', intact chromatin fiber inside the nucleus. Interestingly, a region between *Olig1* and *Olig2* loci (Region 4 in Figure [3A](#F3){ref-type="fig"}), that shows strong HMGN1/2 binding in WT cells, seems unusual since it does not show enhanced H3K27me3 levels and elevated EZH2 binding in the absence of HMGN1/2. We note that this region contains a non-annotated transcript which is strongly expressed in both WT and DKO cells. This region contains very low levels of H3K27me3 and EZH2, and strong active histone marks including H3K27ac, H3K4me3 and H3K4me1 in both WT and DKO. Thus, in contrast to the other regions examined, none of these marks change in response to loss of HMGNs ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Likely, the transcripts in this region are tightly regulated, perhaps by a unique set of transcription factors or a specialized chromatin organization which ensure robust expression. Loss of HMGNs is not a sufficient change to alter the function of these factors, or alter chromatin conformation. Consistent with this possibility, the binding of H1 in this region is not increased in the absence of HMGNs (Figure [4A](#F4){ref-type="fig"}). Thus, the H1-HMGN equilibrium functions within a gene context, and as previously described, the interaction of H1 with chromatin is modulated by a diverse set of factors ([@B1]).

Interestingly, H1 depletion has been shown to impair ESCs specification into the neuroectoderm lineage without affecting the expression of core pluripotency genes ([@B68]). Together, the available data support the possibility that at the most fundamental level, *Olig1&2* expressions is modulated by a dynamic interplay between HMGNs and H1 in chromatin. We are cognizant that this interplay is not the only factor that affects *Olig1&2* expression. Indeed, we find that loss of HMGNs does not abolish OLIG1&2 expression but it downregulates it sufficiently to reduce oligodendrocytes differentiation and nerve myelination, processes that are important for the development of the CNS.

The factors affecting OPC differentiation are not fully known ([@B69]). The mouse *Olig1* and *Olig2* genes are located in chromosome 16, ∼36 kb apart. Their expressions are coordinately regulated both in space and time, but their biological functions in regulating oligodendrocyte development are only partially redundant, with OLIG2 playing a dominant role ([@B18]). We find significant *Olig1* and *Olig2* expression in WT ESCs, and that the levels of these transcription factors are markedly down regulated in the DKO ESCs which do not express HMGN1 and HMGN2. Consistent with these results, we find that loss of HMGNs does not affect the *in vitro* differentiation of ESCs into NPs, but does impair the differentiation of NPs into OPCs. In full agreement with the *in vitro* differentiation studies, HMGN1/N2 DKO mice show decreased OLIG 2 positive cells and decreased levels of myelin proteins in their spinal cord, an indication of impaired myelination.

Myelinating oligodendrocytes provide axon insulation and enable efficient conduction of action potential and therefore are essential for proper motor, sensory, and higher-order cognitive function ([@B15],[@B18]). Indeed, the HMGN1/N2 DKO mice show neurological defects that could be related to the impaired oligodendrogenesis. However, it is likely that the phenotypic effects seen in mice are not solely due to the specific effect of HMGNs on *Olig1* and Olig2 expression since our GO analysis shows other neural related genes are affected. Indeed, analysis by the Alan Institute for Brain Science ([www.alleninstitute.org](http://www.alleninstitute.org)), and our previous studies also indicate prominent HMGN expressed in the CNS, especially in regions contain neural stem cells such as subventricular zone ([@B8]). In addition, HMGN proteins have been shown to modulate neural-related MeCP2 gene expression, affect Astrocyte differentiation ([@B70]) and play a role in several neurological disorders including Down syndrome and autism ([@B71],[@B72]).

Taken together the accumulating data suggest that HMGNs play a role in regulating neural system development and neural functions. The present study reveals that by regulating OLIG1 and OLIG2 expression, HMGNs optimize neurological processes that require proper oligodendrocyte lineage differentiation and myelination. It is intriguing that both myelinating oligodendrocytes and HMGN proteins have been detected only in vertebrates ([@B73],[@B74]).

Our study demonstrates a role for architectural chromatin binding proteins in regulating the expression of neural differentiation genes during embryonic stem cell differentiation. By focusing on the regulation of specific transcription factors, OLIG1 and OLIG2, we find that the interplay between two families of nucleosome-binding architectural proteins, H1 and HMGNs, modulates epigenetic processes that regulate oligodendrocyte lineage differentiation and affect mouse behavior. Our study provides insights into molecular processes affecting the expression of genes involved in CNS development and into the biological function of chromatin architectural proteins.
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